[1] We report zircon oxygen isotope ratios and reconnaissance Ti-in-zircon concentrations, guided by cathodoluminescence image studies, for detrital zircons up to 4.34 Ga from the Narryer Gneiss Complex of Western Australia. Zircon oxygen isotope results bolster the view that some Hadean (>3.85 Ga) zircon source melts were enriched in heavy oxygen, a sensitive proxy for melt contamination by sediments altered in liquid water. Zircon crystallization temperatures calculated from Ti concentration in pre-3.8 Ga zircons yield values around 680°C in all cases except for one lower value in a 4.0 Ga grain. Elevated zircon d
Introduction
[2] In the apparent absence of a continuous Hadean (pre-3.85 Ga [Bleeker, 2004] ) geologic record on Earth, information bearing on the formation and evolution of the earliest crust has traditionally relied on geodynamical model studies [Reymer and Schubert, 1985] , and broad comparisons with lunar data [Tera et al., 1974] . Additional inferences have been made from pervasively altered [Moorbath et al., 1997; Sano et al., 1999] circa 4.0 Ga granitoid-gneiss terranes [Bowring and Williams, 1999; Iizuka et al., 2006] and geochemical analyses of pre-4.0 Ga detrital zircons from Western Australia [e.g., Maas et al., 1992; Mojzsis et al., 2001; Watson and Harrison, 2005] . Abundant occurrences of detrital Hadean zircons that comprise up to several percent of the total zircon population in some quartzitic metasediments have been documented from the Mount Narryer (MN) [Froude et al., 1983] and Jack Hills (JH) [Compston and Pidgeon, 1986] localities of the Narryer Gneiss Complex (NGC), at the northwestern edge of the Yilgarn Craton in Western Australia [e.g., Pidgeon and Wilde, 1998 ]. The Hadean zircons provide an excellent resource to explore the earliest Earth since zircon is refractory and resistant to chemical alteration and physical breakdown during weathering. Non-metamict crystals can serve as robust repositories of Pb* [Cherniak and Watson, 2000] , oxygen isotopes [Valley, 2003] , Hf isotopes and radiogenic Xe [Turner et al., 2004] (compare to Nd isotopes [Caro et al., 2006] ) even in crystals that predate the start of the known terrestrial rock record [e.g., Harrison et al., 2005a] .
[3] If zircon retains primary oxygen isotopes from the time of crystallization, such values can be used to place broad constraints on Hadean zircon magmatic sources [e.g., Mojzsis et al., 2001; . This is because empirically-derived zircon/melt oxygen isotopic fractionation factors can constrain bulk protolith magma sources and magmatic evolution [Taylor, 1968; Taylor and Sheppard, 1986] . Zircon oxygen isotope compositions occupy a large range of 18 O/ 16 O ratios . It is generally accepted that deviation of crustal zircon from mantle d
18
O VSMOW values (+5.3 ± 0.3% [Valley, 2003] ) indicates its source melts were in chemical communication with a reservoir enriched (or depleted) in 18 O, and the only natural system that can impart such signatures is liquid water interacting with crust at or near Earth's surface. As reviewed by Valley et al. [2005] , magmatic zircon d
18 O values derived from remelted hydrothermally altered rhyolites from Yellowstone are as low as À0.4%, and measurements as high as +13.5% have been reported from a quartz monzonite from the Frontenac Arch Crow Lake Pluton in Ontario. Non-magmatic d 18 O zircon values as low as À11% are documented for hydrothermally altered rocks from the Dabie-Sulu orogen in China that later underwent ultra-highpressure metamorphism [Zheng et al., 2003] . Oxygen isotope values up to +15% for circa 3650 Ma metamorphic zircons in granulite facies supracrustal enclaves (quartz-garnet biotite schists) from the Faeringhavn terrane of southern West Greenland [Cates and Mojzsis, 2006] , and from a discordant overgrowth of a Hadean Jack Hills zircon [Mojzsis et al., 2001] have also been reported.
[4] Oxygen-18 enrichments relative to mantle values measured for core regions in pre-3.8 Ga zircons have been interpreted by a number of workers to indicate an evolved rock cycle and derivation from ''S-type'' granitoid melts in the Hadean [Mojzsis et al., 2001; Peck et al., 2001; Valley et al., 2002; Cavosie et al., 2005] . However, alternative views have been proposed that provide different explanations for the Hadean zircon data. For example, oxygen isotope analyses of eight pre-4.2 Ga zircons by Nemchin et al. [2006a] yielded values broadly within the terrestrial mantle field and led them to conclude that there was insufficient evidence for a ''cool early Earth'' between $4.4-4.0 Ga as advocated by Valley et al. [2002] . Instead, Nemchin et al. [2006a] drew generic parallels with their Jack Hills zircon analyses and results from a separate study of lunar zircons [Nemchin et al., 2006b ] to presume that oxygen isotopes in zircons provide no unique evidence for crust-hydrosphere interactions prior to $4.0 Ga.
[5] Titanium concentration in zircon ([Ti] zircon ) is a geochemical tracer with potential to constrain zircon crystallization temperature. Recent [Ti] zircon results for 4.35-4.0 Ga Jack Hills zircons indicate formation temperatures that cluster around 680°C Harrison, 2005, 2006] . The [Ti] zircon thermometer presupposes coexistence of rutile (essentially pure TiO 2 ) with zircon at crystallization. On the basis of measured [Ti] zircon , an equilibrium constant can be calculated from the activity of TiO 2 in zircon by assuming an activity of rutile equal to $1 [Watson and Harrison, 2005] . The [Ti] zircon thermometer has been calibrated experimentally for high (1025-1450°C) temperatures, and natural zircons have been used for crystallization temperatures of $580°C-1170°C . The retention of tetravalent Ti in zircon is aided by the fact that it substitutes without charge compensation most favorably into the Si 4+ site [Harrison et al., 2005b; Ferry and Watson, 2007] .
[6] Maas et al. [1992] reported rare earth element (REE) patterns in individual JH and MN zircons which show that some grains are markedly enriched in LREE contents and are similar to zircons from Phanerozoic diorites and granites. Follow-up studies presented d
O data in concert with REE data, showing high d
O values as well as enriched LREEs, which substantiate earlier conclusions that the chemistry of JH grains are consistent with zircons derived from granitoid-type source rocks ; compare to Coogan and Hinton, 2006] . In another study, trace element patterns and U concentrations of detrital zircons from Mount Narryer were used to argue that these particular grains were derived from evolved granitic rocks [Crowley et al., 2005] .
[7] Geochemical tracers in zircon such as oxygen isotope ratios, Ti thermometry, and analysis of zircon/melt partitioning of REEs can be used to constrain zircon paragenesis in the absence of their parent rocks. For example, were Hadean zircon protoliths dominantly of low temperature granite-type or instead the product of relatively high-temperature mafic/ultramafic melts? Here, we present new oxygen isotope data for 89 pre-3.8 Ga grains previously characterized by U-Pb ion microprobe geochronology [Harrison et al., 2005a] . In addition, multiple Ti zircon measurements were made for a subset (n = 13) of the pre-3.8 Ga grains. Our new Ti concentrations for zircons correspond to temperatures around 680°C, consistent with granite formation under conditions akin to wet minimum-melts [Watson and Harrison, 2005] . Moreover, our REE modeling demonstrates that Hadean zircons are dominantly of felsic magmatic provenance. These observations complement recent Hf isotope data from individual Hadean zircons that appear to be consistent with the establishment of significant continental crust and active plate boundary processes within the first 150 million years of Earth formation [Harrison et al., 2005a .
Samples and Methods
[8] Samples JH992 [Mojzsis et al., 2001] and ANU [Harrison et al., 2005a] were collected from the original locality (S26°10.09 0 , E116°59.39 0 ) where pre-4.0 Ga Jack Hills zircons were first discovered [Compston and Pidgeon, 1986] . Additionally, a new sample was included from a separate rock outcrop (JH0101) $250 m west along strike from the JH992 locality, which preserved stream bedform and scour features with bands rich in heavy minerals. Mount Narryer sample MN0102 (S26°3 0.90 0 , E116°22.80 0 ) was a $3 kg specimen that contained cm-scale clasts of banded iron-formation (BIF) visible in hand sample. Zircons were concentrated using standard heavy liquid techniques. Sieved samples were first treated with hand magnet and isodynamic Frantz magnetic separator ($1.5 A) to remove magnetic fractions prior to heavy liquid separations. After cleaning in acetone and deionized water (DI H 2 O), zircons picked from the heavy mineral separates were mounted on double-sided adhesive tape and cast in 2.5 cm epoxy discs. Grain cross sections of individual zircons exposed during polishing were brought to optical finish using 0.05 mm alumina paste.
Zircon Oxygen Isotope Determination by Ion Microprobe Multicollection
[9] All high spatial resolution d
18 O zircon determinations were made using the UCLA CAMECA ims 1270 high-resolution ion microprobe in Faraday multicollection mode [e.g., Mojzsis et al., 2001; Booth et al., 2005] with regular monitoring of background count rates on the detectors. In all analyses a liquid nitrogen cold finger was used to remove trace condensable gases from the sample chamber. A $5 nA Cs + beam was focused to a $20 mm spot and 10 keV secondary ions were admitted to the mass spectrometer after passing through a 30 eV energy slit. Mass spectrometer entrance and exit slits were tuned to a mass resolving power of $2400 to resolve hydride interferences O À signals were corrected for shifts in the baseline of the Faraday cup detector system from intermittent measurements with the primary and electron beams blanked.
[10] Obvious cracks and metamict regions of individual zircon grains were avoided during analysis, but postanalysis inspection by reflected light (RL), backscatter electron (BSE) or cathodoluminescence imaging (CL) was used to scrutinize (and in some cases exclude from further consideration) problematic analysis spots [e.g., Cavosie et al., 2005] . Cracks and defect structures in zircons are wellknown conduits for contaminants [e.g., Peck et al., 2001] . They may act as gateways for diffusive exchange and it is not inconceivable that mount media may seep into microcracks. To explore for oxygen isotope trends in variably altered samples, zircons with variable degrees of Pb-loss (quantified by U-Pb discordance) were analyzed. Exact protocols varied from mount-to-mount (n = 12) and these can be classified into three groups.
[11] 1. Sample mount ANU29 was analyzed for oxygen isotopes without prior removal of existing geochronology spots by repolishing. This was done so that analysis spots for in situ oxygen isotopes could be placed adjacent to geochronology spots without overlap. One possible objection to this approach is that the oxygen beam from the duoplasmatron source embeds 16 O into zircon regions that may result in anomalously low d
18 O values [Benninghoven et al., 1987] . We note, however, that this is an extremely local effect (<30 mm) and it was considered of sufficient benefit to analyze a sample mount in this manner.
[12] 2. Zircons in sample mount JH992CU11 were rapidly characterized for 207 Pb/ 206 Pb ages in ''survey mode'' following our usual techniques [Mojzsis et al., 2001; Turner et al., 2004; Harrison et al., 2005a] . This procedure was used to identify potentially ancient grains (>3.8 Ga) in a fraction of the time required for a full 10 cycle U-Pb geochronology analysis ($10 min). Subsequently, JH992CU11 was repolished to completely remove all prior ion microprobe pits, cleaned in 1N HCl and DI water baths, Au-coated and measured for oxygen isotopes. After oxygen isotope determinations, U-Pb ion microprobe geochronology analyses were performed precisely in the same place as oxygen isotope measurements.
[13] 3. For all other samples analyzed in this study, zircons were characterized in survey mode, followed by U-Pb geochronology as in (1), except a hand polish followed age determination to remove any trace of preexisting ion microprobe geochronology spots before measurement for oxygen isotopes.
[14] Instrumental mass fractionation (D imf ), the difference between the actual 18 O/
16
O of standard grains and that measured by secondary ion mass spectrometry, varied from 1 to 2 per mil (%). Some of these D imf variations are probably associated with slight changes in the geometry of the sample mount after exchange from the sample chamber. To monitor this effect, we collected standard data for each sample mount. Because D imf is sensitive to secondary ion generation and extraction conditions related to the geometry of individual mounts, it is crucial to have standard materials cast with the unknowns on the same sample mount. Duluth gabbro zircon AS-3 [Paces and Miller, 1993] is a widely used and abundant geochronology standard [e.g., Schmitz et al., 2003] and has also been used for SIMS oxygen isotope calibration [Booth et al., 2005] . The AS-3 zircon is routinely included on all of our sample mounts. Our standardization protocol calls for an average of 10 individual standard measurements per mount, leading to an average external precision of ±0.7%, and in most cases measurements were performed on more than one AS-3 grain per mount (auxiliary material 1 Tables  S1 and S2 ). The HfO 2 abundance in our primary zircon standard (AS-3) is similar to JH and MN zircon compositions Maas et al., 1992; Crowley et al., 2005] . Nemchin et al. [2006b] applied Hf-related matrix effects corrections which were originally derived for high-energy-offset analyses , in contrast to their low-energy-offsets. In the absence of observable matrix effects on our zircon standards, we applied no additional matrix effects corrections to the data.
[16] In reflected and transmitted light microscopy, it was apparent that some AS-3 standard grains mounted with the unknowns host inclusions and crack ingrowths of secondary phases such as Fe-oxide. However, secondary features are readily identifiable in optical images used to create maps of the sample mounts, and are easily avoided during analysis. Hence we found no reason to reject any standard analyses.
[17] Internal and external analysis errors are reported for unknowns, the latter propagating the variability of the AS-3 standard measurements for each mount. Detector background subtraction for 18 
Ti-in-Zircon Concentrations
[20] Titanium concentrations in zircon were measured using the same protocol as ; a brief summary is provided. Data for [Ti] zircon were collected with a CAMECA ims 3f ion microprobe at Woods Hole Oceanographic Institution. Duplicate measurements on pre-4.0 Ga zircons for two mounts (JH0101-2 and JH992-CU11) were made at different grain locations. A primary 5 nA O À beam was focused to a 15-20 mm spot on synthetic zircon standards of known Ti concentrations as determined by electron microprobe. Synthetic zircons grown at high temperatures ($1400°C) and characterized for their Ti concentrations by electron microprobe were used with natural samples as ion microprobe standards. The combined electron and ion microprobe analytical uncertainty for zircons crystallizing in the 650-700°C range relevant to this study is $5°C (1s). Minimum detection limits for Ti by this method are $0.1 ppm. The measured concentrations applied to the equation define a log linear dependence of Ti with temperature as presented by . The uncertainties on the constants of the thermometry equation propagate an error of $5°C (1s) for temperatures reported here. When it was possible to do so, cracks were avoided because it has been found that measured Ti concentrations are often elevated when analyses occur on cracks in zircon [Watson and Harrison, 2005; .
Results

Hadean Zircon Oxygen Isotopes and CL Imagery
[21] We analyzed 89 JH and MN zircons with a total of 139 separate oxygen spots; many measurements can be directly correlated with the locations of previously documented U-Pb geochronological analyses. The 72 spot data identified as analytically reliable on the basis of the absence of cracks and inclusions at the measurement location are reported in Table 2 . These data comprise measured prebackground-corrected and post-background-corrected 18 O/ 16 O ratios, zircon d
18
O for the unknowns and results for 10% discordant geochronology spots collected in the vicinity of the oxygen spots. All O-isotope measurements made during our four day ion microprobe session (with standards and data subsequently rejected on the basis of the criteria outlined above) are reported in auxiliary material Table S2 . Sample data for analyses on grain cracks, <90% concordant zircons, and/or grains younger than 3800 Ma are tabulated separately in auxiliary material Table S3 . Cathodoluminescence images for Hadean grains which were analyzed on grain cracks can be found in Figure  S1 . Data free of analytical artifacts ( [22] In order to assess whether these differences in oxygen isotope values are statistically significant, we have used the Kolmogorov-Smirnov (K-S) test to compare zircon d
O values of individual studies. The K-S test has been widely used in Earth Sciences [e.g., Miller and Kahn, 1962] , and is advantageous because unlike the ''t-test'' it is distribution free. In our analysis, we used the Gaussian kernel probability function described by Silverman [1986] . In addition, our comparison takes into consideration the external error for each zircon. Results indicate that data from Table 2 Table 2 with geochronology and oxygen data. Ion microprobe spots with an ''X'' represent an analysis on a crack or on a discordant grain region, and dashed ion microprobe spots represent an analysis free of analytical artifacts, but which cannot be correlated with age. All zircons contain at least 1 geochronology spot >90% concordant except for JH992_42, which is shown as a follow-up and a confirmation of previous work [Mojzsis et al., 2001] . Grain ANU31_15-8 was inadvertently not imaged in CL. Boxed images contain Ti temperature measurements (section 3.3). Hadean zircons at the 95% confidence level. However, when our data are compared to the data set of Cavosie et al. [2005] , the probability that the zircons were derived from the same population is <5%. Despite these differences, our results validate previous findings that Hadean zircons on average are enriched above mantle equilibrium values.
[23] For two of our zircon grains, the Cs-ion beam used for oxygen isotope measurements overlapped unpolished geochronology spots (ANU29_11-9: Figure 1 , no. 4; ANU29_10-6: Figure S1, O is negligible outside of the exact locality of the previous analysis spot.
[24] Figure 1 shows CL images labeled with geochronology and oxygen results and analysis spot locations. While some zircons show interpretable core-rim relationships in CL (e.g., Figure 1 : no. 2, 6-8, 12, 15, 17, 25, 39, 48, 51, 55) , such patterns are diffuse in other cases (e.g., Figure 1 : no. 16, 18, 21, 22, 27, 29, 30, 38) and a core/rim assignment to individual spots is ambiguous in many crystals. In light of this observation, Table 2 reports whether the oxygen spot locations can be correlated to geochronology spots on the basis of CL patterns. For example, in Figure 1 , no. 35, the geochronology spot and the +6.0% oxygen measurement were not made on top of one another, but the similarity of CL patterns supports the interpretation that the two are part of the same grain domain. Zircons outlined by white boxes in Figure 1 were further investigated for Ti thermometry (section 3.3). Data from 50 zircons in Table 2 from 57 ion microprobe oxygen spots from this data set can be directly correlated with U-Pb geochronology. Some zircons were analyzed so that both geochronology and O-isotopes 18 O zircon value obtained in our analysis was +2.9% (Table 2: ANU32_11-5; Figure 1 : no. 27); however, a successive measurement of the same spot recorded a value of +6.3%. The two highest values we obtained were +10.5% (not plotted) measured on a region of grain ANU32_1-7 of uncertain age (Table 2: ANU32_1-7; Figure 1: no. 21) and +8.6% on a concordant but cracked grain region (Table S3: JH992CU11_8-6; Figure S1 : no. 84).
[26] Our remeasurement of JH992_42 (reported by Mojzsis et al. [2001] ; Figure 1 , no. 1) mounted with AS-3, 91500, and KIM-5 yielded zircon core and rim values that vary slightly with the standard used for instrumental mass fractionation correction: 9.5%/13.2% (AS-3; 1s.e. = ±0.6%), 9.7%/13.4% (Table 1 and Table S3 ) and results from are plotted in Figure 3 . These data also incorporate some grains that are <3.8 Ga (Table S3) . Data were divided into three categories: (1) d
O zircon measurements interpreted as magmatic with correlative geochronology; (2) oxygen data (regardless of concordance) where retrospective image studies revealed oxygen measurements were collected on grain cracks; and (3) data which do not overlap cracks, but are from zircon domains !10% discordant. The figure shows that more discordant zircons do not tend toward the isotopically heavy O-isotope composition (d 18 O !+10%) of the host quartz-pebble conglomerates at the Jack Hills .
[28] The data are not entirely systematic; zircon d
18 O values for two highly discordant grains (JH992CU11_10-8: Figure S1 , no. 89; JH992_42: Figure 1, [Bibikova et al., 1982; Valley et al., 1994] . A separate study analyzed grains by ion microprobe and reported a similar trend toward lower d
18 O values in zircons with decreasing U/Pb concordance at the scale of tens of micrometers [Booth et al., 2005] .
Jack Hills Zircon Ti Thermometry
[29] Table 3 reports zircon Ti concentrations and corresponding crystallization temperatures for 13 grains; the 25 spot locations are shown in Figure 1 and Figure S1 . These results record an average value of 682°C which agrees well with previous Hadean zircon measurements Harrison, 2005, 2006; Valley et al., 2006] . This average excludes three ''temperatures'' which were the result of contamination in Ti due to large cracks on the analytical surfaces. This observation provides justification for our rationale to reject oxygen analyses taken on visible cracks. Our multiple Ti concentration measurements allow for intragrain temperature comparisons, which are made on the basis of the internal error associated with counting statistics, not the external error associated with reproducibility of the standard . Most replicate analyses are indistinguishable within analytical precision of the CAMECA 3f ion microprobe, indicating general Ti homogeneity among individual grains.
[30] Grain JH0101-2_5-11 ( Figure S1 , no. 78; $40% concordant, 3997 Ma) analyzed in triplicate, records temperatures of 588°C, 626°C, and 629°C, outside the range of internal error and reflects the lowest temperatures yet reported for a JH zircon. The two nearly concordant grains with internal temperature differences are JH992CU11_4-9 and JH992CU11_8-6. Grain JH992CU11_4-9 contains 4038 Ga and 4017 Ga geochronology spots correlative with 740°C and 710°C temperatures, respectively. JH992CU11_8-6 records temperatures of 662°C and 692°C. The geochronology spots do not directly overlay these temperature measurements, but the 692°C spot corresponds to a grain region slightly closer to the cathodoluminescent center (Figure 1, no. 55 ). These results may record the cooling history of these Hadean zircons. In other words, a cooling magma still saturated in zircon would be expected to continue to grow zircon, but with a lower Ti content reflecting the cooler melt conditions. Such intragrain temperature 
Discussion
Oxygen Isotopes in Hadean Zircon
[31] A compilation of age-indexed pre-4.0 Ga zircon oxygen data ( Figure 4a that the terrestrial Hadean zircon oxygen isotope distribution contains a peak offset from mantle zircon by about +1% and that these values extend well beyond the highest measured lunar zircon oxygen isotopes (Figure 4a ). This observation argues against a scenario in which Hadean zircons were exclusively derived from protoliths in equilibrium with the mantle, or that they formed in some process that could only have been common to the Earth and Moon. The probability of identical populations viz. KolmogorovSmirnov (section 3.1) is <5% for the d
18
O zircon distribution in Table 2 , in comparison with lunar zircon results reported by Nemchin et al. [2006b] .
[32] Zircon oxygen analyses results considered in equilibrium with the mantle total 26 (5.3 ± 0.3%), while we find that 24 are above mantle values, and 7 are below +5.0%. This observation is supported by another Hadean oxygen isotope data set where there is some evidence of oxygen isotope bimodality Table 2 (n = 53; 1s = ±0.7%). Mojzsis et al. [2001] reported internal errors; all others are reported as external. Primarily, error differences arise from the standard AS-3 (Table 2) versus 91500 [Nemchin et al., 2006a] versus KIM-5 and the style of analysis, i.e., monocollection versus multicollection [e.g., Mojzsis et al., 2001] . Data accepted by Cavosie are 85% concordant or better; data we report here from Table 2 are 90% concordant or better, after analysis of data presented in Figure 3 . Crosses through data points are those rejected by Cavosie et al. [34] Is a decrease in d
O zircon values at 3.95 Ga and after (Figure 4b ) preserved? On the basis of the secular Hf isotopic evolution observed for the Hadean, Harrison et al. [2005a] postulated that massive remixing of Hadean crust back into the mantle must have occurred because large (±200) e Hf values are not preserved on the contemporary Earth [Vervoort and Blichert-Toft, 1999] . Under this scenario, any enriched 18 O crust signature would become diluted when mixed back into the mantle. Amelin [2005] proposed that the onset of the Late Heavy Bombardment could have facilitated the return of crust to the mantle. Again, due to the relatively small number of 3.95-3.8 Ga zircons analyzed, more combined oxygen and Hf isotopic work [Kemp et al., 2006] could either bolster or refute this model. (Figure 4a ). Grain JH0101-1_9-20 (3925 Ma) has a value of +3.9% (Figure 1, no. 43 ). This zircon shows subdued CL zoning in its core region, but retains a high-luminescent rim; all data derived from zircons of this type were rejected by Cavosie et al. [2005] because they failed to fit their criterion for well-defined concentric zoning in CL. Two other (rejected) oxygen spots on the same grain yielded +3.6%, and a near-rim value of 5.5%. Results for grain ANU32_11-5 are puzzling since two measurements made on top of each other yield very different oxygen isotope compositions (+2.9% versus +6.3%). One analytical aspect of concern is the +2.9% measurement shows a $15% decrease in 16 O and 18 O counts relative to other measurements where signals were generally reproducible to within $5%. In BSE, or reflected light images, there is nothing unusual about these grains and no cracks or irregularities exist in the vicinity of the analysis (Figure 1, no 
Preservation of Primary d
O Values in Hadean Zircons
[36] To evaluate whether measured oxygen isotope ratios reflect their crystallization environment requires an understanding of oxygen retention in zircon, and knowledge of the geologic history of Hadean zircons. We review some empirical and experimental results for oxygen retention in zircon, and discuss the likelihood of primary oxygen preservation, given current understanding of predepositional and postdepositional histories of these grains.
[37] Coherent zircon crystal cores, interpreted as such from their oscillatory cathodoluminescence (CL) patterns, have been interpreted to retain oxygen isotope compositions through a variety of metamorphic regimes. Valley et al. [1994] have argued that original d
18
O zircon at time of formation is preserved through amphibolite to granulite facies metamorphic conditions. Differences in zircon core-rim d
O values of as much as 5.6% have been documented for Grenvillian zircons , and non-metamict ''pristine'' zircon has been shown to be resistant to hydrothermal alteration and oxygen isotope exchange at least at the biotite grade [e.g., King et al., 1997] . Diffusion of oxygen in zircon has been explored experimentally under dry (P H2O $ 7 MPa) and wet (P H2O ! 7 MPa) conditions . Results show that a zircon with a 100 mm effective diffusion radius can retain core d
18 O values at 900°C for 65 Ma under dry conditions (applicable to granulite grade metamorphism), but under wet conditions, closure temperatures for oxygen isotopes are $650°C for a cooling rate of 100°C/Ma and a diffusion radius of $80 mm . In general, empirical observations and experiment broadly agree that oxygen in zircon is extremely retentive under dry conditions and that it can be preserved under wet conditions, but probably not at temperatures much above $600°C.
[38] The circa 3.1 Ga postdepositional history of sediments hosting Hadean zircons is not especially well constrained; the only known widespread event was a 2.7 Ga upper greenschist to lower amphibolite facies metamorphism [e.g., Pidgeon and Wilde, 1998 ]. The JH metasediments are mature (90 -100% SiO 2 ), and quartz clasts have d
18 O values of +10 -12% , as much as 7% higher than Hadean JH zircons. Some insight into oxygen isotope exchange can be obtained from Figure 3. [39] If the current degree of observed discordance results from low temperature Pb* loss (i.e., metamictization), it is conceivable that grains which are discordant today were either equally or more susceptible to oxygen exchange during the 2.7 Ga metamorphic event cited above. This logic is based on the premise that grains which are metamict and discordant today (most likely because of high U and Th contents), would have been more likely to be structurally damaged prior to the last known widespread regional metamorphism. The fact that these equally or more susceptible grains do not trend toward host sediment values suggests that substantial 18 O enrichment did not occur in more pristine (>90% concordant) zircons presented in Table 2 . This analysis relies on evidence that is somewhat tenuous, and without proper oxygen diffusion profiles for these Hadean zircons, arguments for and against diffusive oxygen exchange cannot be evaluated further. However, zircons with short diffusion radii (<50 mm; approximated by analysis location in grain cross sections) contain mantle d
O values (e.g., Figure 1 , no. 11, 47, 48, 55) . This is not the expected result if the zircons underwent substantial exchange with their host sediments.
[40] Knowledge of the history of oxygen isotope exchange in Hadean zircons is fundamentally hampered by their unknown histories prior to deposition (>3.1 Ga). Four Hadean zircons investigated by high resolution ion microprobe depth profiles [Trail et al., 2007] preserve early Archean overgrowths and/or modifications of Hadean cores. Ages less than or equal to 3.9 Ga represent $10-15% of the total grain radius (typically 60-80 mm). The presence of overgrowths or alteration zones on older preexisting zircon cores opens the possibility that diffusive exchange of oxygen may occurred. Closure temperatures for oxygen in zircon as a function of crystal radii most applicable to Jack Hills grain size distributions are shown in Figure 5 . Provided our interpretation of the metamorphic history of the Jack Hills zircons is correct [Trail et al., 2007] , we consider predepositional oxygen diffusion the most plausible scenario for oxygen contamination of Hadean zircons. Results were calculated using the Arrhenius relationship for wet oxygen diffusion in zircon . Valley et al. [2003] show that crystallization of zircon with d 18 O = +6.0-6.5%, at the temperatures of $680-700°C predicted by Watson and Harrison [2005] , would co-exist with quartz at $+9.0%. This value is also consistent with the Oisotope composition of quartz in many granitic rocks [Taylor, 1968] .
Ti-in-Zircon Thermometry
Geochemistry Geophysics
[42] The lowest [Ti] zircon measurement documented in this study was on a $40% concordant grain, with a Ti concentration that corresponds to temperatures as low as 588°C ( Figure S1 , no. 78) and consistent with a sub-solidus origin. However, since this grain shows evidence for substantial Pb loss, lower Ti concentrations could also reflect pervasive grain alteration. It is possible to estimate Ti diffusion for pristine zircon grains on the basis of the relatively systematic diffusion behavior observed for tetravalent cations in the zircon structure as a function of ionic radius . On the basis of this analysis, only temperatures in excess of 1100°C are likely to lead to Ti diffusion in zircon over the diffusion length scales typical in Jack Hills zircons. This calculation agrees well with the recently derived Arrhenius equation from completed Ti diffusion experiments in zircon [Cherniak and Watson, 2006] . While there is no way to explicitly test for Ti diffusion, this zircon has a Th/U ratio of 3.2 that may be indicative of mobilization of U [Cavosie et al., 2004] . Since Ti diffuses at slightly lower temperatures than U, it may have been mobilized and the low Ti-derived temperature record may be invalid.
Using Ti-in-Zircon Thermometry as a Protolith Discriminator
[43] Alternative views have been presented which argue that the Ti thermometer cannot be used to constrain zircon provenance [Fu et al., 2005; Kamber et al., 2005; Nutman, 2006; Glikson, 2006; Valley et al., 2006; Coogan and Hinton, 2006] . A criticism common to these reports is the concern over uncertainties in Zr and Ti activities in Hadean zircon source melts. For example, a late stage mafic melt may saturate the residual at low temperatures in Zr (and Si), to subsequently crystallize zircon. It was proposed that zircon crystallization temperatures could not be used to uniquely separate this process (or an analogous process) from granitic, water-saturated minimum melt conditions Coogan and Hinton, 2006] . However, the current Ti data suggests that the majority of zircons that crystallized from mafic sources (including late-stage residuals) are different in peak and distribution Valley et al., 2006] than Hadean zircons, which argues against a common origin Watson and Harrison, 2006] . It was also suggested that tonalites could crystallize zircons at temperatures indistinguishable from minimum melt conditions implied for the Hadean source rocks [Nutman, 2006] . This possibility for the majority of Hadean zircon is ruled out because saturation temperatures in tonalitic melts are demonstrably higher than the 680 ± 25°C peak observed for Hadean zircons . Finally, it was recently shown by calculation and geologic example that igneous rocks formed at higher temperatures (>750°C) produce Ti-derived temperatures well above the wet granite solidus . However, a minor component (<10%) of the Hadean zircons thus far analyzed could have been derived from a TTGtype melt on the basis of $750°C crystallization temperatures in some grains.
[44] The Ti thermometer applies directly to systems which contain a pure TiO 2 phase (e.g., rutile), but suitably to melts with a Ti-saturated phase (e.g., ilmenite). Since Ti-activity is not strictly quantified in JH source melts, it was argued that measured temperatures could reflect Ti melt activity <1 rather than granitic minimum melt conditions [Nutman, 2006; Coogan and Hinton, 2006] . However, melts that contain high activities of Zr required for zircon saturation generally contain high activities of Ti. Ti-activity in melts has been characterized for magmas of diverse compositions [Ryerson and Watson, 1987] , and more recently among siliceous melts such as trondjhemite, s-type granite, and metaluminous granite [Hayden et al., 2005] . Results have shown that a siliceous melt, independent of water content, will often saturate in a Ti bearing phase before zircon [Ryerson and Watson, 1987; Hayden et al., 2005] . This reasoning relies on the expectation that Hadean zircon source melts have SiO 2 activity of $1. This is substantiated because many SiO 2 inclusions have been discovered in all Hadean zircon inclusion studies to date [Maas et al., 1992; Peck et al., 2001; Trail et al., 2004; Cavosie et al., 2004; Crowley et al., 2005] . It is worth noting though that melts with low Si-activity would only serve to compensate for sub-unity Ti activity [Ferry and Watson, 2007] . [45] Data have been shifted to show the effect of sub-unity Ti activity in the initial publication presenting the thermometer [Watson and Harrison, 2005] and more recently by Coogan and Hinton [2006] during their comparison of 15 zircons from five oceanic gabbros. Figure 1 of Coogan and Hinton [2006] demonstrates that direct comparison of the two populations shows they are dissimilar. Coogan and Hinton [2006] drew an arrow in their Figure 1 to show the shift in crystallization temperatures for Hadean zircons if the source melts had Ti activity of 0.5, perhaps to imply a similar distribution with their temperature data. We disagree with this comparison because all five gabbros in their study crystallized in the presence of ilmenite, which implies sub-unity Ti-activity, so that a sub-unity shift must be applied the data of Coogan and Hinton [2006] as well. Studies that have explored zircon crystallization in the presence of ilmenite have previously yielded Ti-activities of $0.6 . The uncertainties of the Ti thermometer when applied to zircons of unknown origin can be reasonably constrained, and it remains clear that results that bear on conditions of Hadean zircon crystallization are reproducible [Watson and Harrison, 2006] .
Hadean Zircon Rare Earth Element Partitioning
[46] It has generally been assumed that Hadean zircons are magmatic, a basis for the interpretation of our data. Here, we apply the lattice strain theory of partitioning to rare earth elements (REEs) in zircon, a model which is intended for application to crystal-melt partitioning [Blundy and Wood, 1994] . In other words, REEs of metamorphic (or hydrothermal) zircon are expected to show deviations from the parabolic behavior of partition coefficients versus ion radii of substituent ions, if partition coefficients are calculated from magmatic compositions. In this section, we show that the lattice strain model can help distinguish magmatic from metamorphic/hydrothermal zircons, and conclude that Hadean zircons are dominantly magmatic (sections 4.5.1 and 4.5.2). We further discuss whether REE patterns of Hadean zircons can be employed for provenance determinations (section 4.5.3).
[47] To achieve this, we have compiled 73 published REE concentrations from 51 Hadean zircons [Maas et al., 1992; Wilde et al., 2001; Peck et al., 2001; Crowley et al., 2005] . In an attempt to match zircon provenance, various generic whole rock REE compositions of magmatic origin were used to approximate REE melt concentrations, and to calculate hypothetical REE zircon partition coefficients. The model compositions chosen for this analysis, from felsic to more mafic were: Archean granite [Condie, 1993] , Archean tonalite-trondhjemitegranodiorite [Condie, 1993] , adakite [Samsonov et al., 2005] , anorthosite [Markl, 2001] and N-type MORB [Sun and McDonough, 1989] . The lattice strain equation was then fit to the five sets of partition coefficients for each of the 73 REE measurements, assuming average T = 680°C for Hadean zircons. In this calculation, r o = 0.84 Å , D o and E are free parameters and were allowed to vary during curve fitting. The best-fit among the candidate rock types was determined simply by comparing the R 2 values. It is worth noting that changing the crystallization temperature will not change the R 2 value of a fit, but will change E.
[48] We have evaluated this approach by selecting zircons from a variety of host rocks of known provenance, including rock types which were not included in our five model compositions [Hoskin, 1998 [Hoskin, , 2005 Hoskin and Black, 2000; Hoskin and Ireland, 2000; Dawson et al., 2001; Rubatto, 2002; Whitehouse and Platt, 2003; Kamber, 2003, 2005; Pettke et al., 2005] . In this way, 68 magmatic, 47 metamorphic, and 24 ''hydrothermal'' published zircon REE data were fit to the lattice strain model using our five host rock types (Table S4) .
Magmatic Versus Metamorphic Zircon
[49] The usefulness of CL images as a guide for selecting ion microprobe analysis spots was demonstrated by correlation of zones typically interpreted as magmatic with elevated d
18
O zircon spots . Although cathodoluminescence images are informative, interpretations can be subjective and the suite of textures inferred to be magmatic versus metamorphic can be ambiguous [Corfu et al., 2003] . Because of this ambiguity, Cavosie et al. [2005] and Nemchin et al. [2006a] chose to err on the side of caution and reject from consideration Hadean zircons which do not contain characteristic magmatic zoning as deduced from CL images.
[50] Derived REE partition coefficients for igneous versus metamorphic zircon show a definite quantifiable difference between the two. Our application of the lattice-strain model shows that the average best-fit R 2 value for 68 igneous zircons is 0.89 ± 0.07 (1s). This is in contrast to our analysis of 47 metamorphic zircons (or metamorphic grain regions) which have an average best-fit R 2 value of 0.67 ± 0.15. The results provide a baseline for comparison to Hadean zircons, which have an average best-fit R 2 value of 0.88 ± 0.06, highly suggestive of an igneous origin. As a visual example, Figure 6a shows the lattice strain function curves fit to the five partition coefficient sets for a Jack Hills zircon, to show the parabolic behavior common among the 68 igneous test cases. For comparison, representative partition coefficient sets from the five attempted host rocks fits are shown for a metamorphic zircon from the granulite-grade garnet gneiss near the Carratraca peridotite massif (Figure 6b ). Partition coefficients versus ion radii for the metamorphic grain region shows deviations from predicted magmatic partitioning (compare to Figure 6a ). This example, along with others, suggests that (hypothetical) partition coefficients of metamorphic zircons calculated from igneous host rocks are unlikely to mimic the parabolic behavior seen for magmatic zircon-melt partitioning [e.g., Manning et al., 2006] . We find in our analysis that Hadean zircons (with very few exceptions; see section 4.5.2) are reconcilable with a magmatic origin. A noteworthy feature of some metamorphic zircons is that they show flat partitioning of HREEs, a common feature of zircons which crystallized in the presence of garnet [e.g., Whitehouse and Platt, 2003; Rubatto, 2002] . This type of partitioning is not present in Hadean zircons which would seem to indicate that the grains did not form in the presence of garnet.
Hydrothermal Modification of Hadean Zircon
[51] Hoskin [2005] proposed that metamict zones of Hadean zircons could have been enriched in heavy oxygen and LREE during postprimary crystallization by hydrothermal fluids. Despite crystallization ages that were indistinguishable in different domains of complex zircons, that study found high concentrations of LREE in ''hydrothermal'' mantles relative to igneous cores in zircons from the Boggy Plain zoned pluton in eastern Figure 6 . (a) Partition coefficient sets versus ionic radius (Å ) for different host rock candidates of a representative Hadean zircon. We used the Blundy and Wood [1994] lattice strain model and a crystallization temperature of 680°C [Watson and Harrison, 2006] , and best host rock fit was resolved by the R 2 value. In this particular grain from Crowley et al. [2005] , the best fit was Archean granite [Condie, 1993] . (b) Representative REE partition coefficients for our five host rocks calculated for a metamorphic grain region [Whitehouse and Platt, 2003] . This metamorphic grain region, like others (Table S4 ), shows that partition coefficients derived from igneous rocks deviate from the lattice strain model. The color-correlated lines correspond to attempted fits to the partition coefficients. (c) Trace element partition coefficients of magmatic and hydrothermal zircon from aplite sample BP42 [Hoskin, 2005] . Hydrothermal zircons show REE deviation in partition coefficients relative to magmatic zircons, most noticeable in La, Pr, and Nd. In this particular case, our five host rocks were not used because whole rock concentrations were available from . The lattice strain model has an average magmatic fit of R 2 = 0.89 (n = 5) and a hydrothermal fit of R 2 = 0.76 (n = 5). Peck et al., 2001] and two other Hadean zircon images [Nelson et al., 2000] were published. Therefore conclusions that supported a hydrothermal origin for altered Hadean zircons arose on the basis of a few CL images as well as high d
18
O values (+10%) for one (discordant) zircon core [Mojzsis et al., 2001] . There now exists a large data set of published Hadean zircon CL images [Cavosie et al., 2004 Dunn et al., 2005; Crowley et al., 2005] (Figures 1 and S1 ), many of which display concentric zoning usually ascribed to a magmatic origin [Cavosie et al., 2004] . Some zircons with concentric zones record d
18 O zircon well above mantle values, which do not appear to lend support to the annealing hypothesis as an important process for 18 O enrichment in these grains. Other studies have shown that hydrothermal zircons (or hydrothermally altered regions) are frequently enriched in Hf, usually by !2% [e.g., Kerrich and King, 1993; Hoskin, 2005] . Out of 135 analyses which specifically characterized Hadean zircons for Hf [Maas et al., 1992; Cavosie et al., 2005; Crowley et al., 2005] average concentrations are 0.94% (range = 0.66-1.4%).
[53] We sought to evaluate whether the lattice strain model can be used to distinguish between igneous zircon and zircon grain regions annealed by hydrothermal fluids. Rare earth element partition coefficients were fit to the lattice strain function in the same manner discussed above for 24 hydrothermal zircons [Hoskin, 2005; Pettke et al., 2005] . Results show hydrothermal zircons have a best-fit R 2 average of 0.78 ± 0.05. For comparison, Figure 6c shows hydrothermal and igneous zircons from sample BP42 [Hoskin, 2005; . It is evident that hydrothermal zircon shows large partition coefficient deviations compared to magmatic zircon, a phenomenon seen in only 3 of 73 Hadean zircon REE analyses explored here (i.e., R 2 <0.78; see Tables S4 and S5 and compare Peck et al. [2001] showed that correlative high d
18 O zircon values with enriched LREEs appear consistent with zircons derived from granitoid-type source rocks. In another study, trace element patterns and U concentrations of Hadean and early Archean detrital zircons from Mount Narryer were used to argue that the MN grains were derived from evolved granitic rocks, but that the JH zircons are not [Crowley et al., 2005] .
[56] Whitehouse and Kamber [2002] challenged these interpretations on the basis of their analysis of circa 3.81 Ga zircons from a West Greenland orthogneiss sample. In their study, it was assumed that the rock was pristine and that whole rock REE values reliably reflect magmatic REE abundances at time of emplacement. Because LREE abundances measured in the whole rock and the zircons appeared to be inconsistent with predicted partition coefficients for zircon-melt, Whitehouse and Kamber [2002] concluded that models which derive source melt characteristics from zircon alone are not reliable.
[57] To explore this further, Figure 6a illustrates the variability in partition coefficients depending on different model melt compositions for a selected Hadean zircon. In this specific case, best-fit results for the lattice-strain parabola according to Blundy and Wood [1994] favor a granitic protolith. Of the 70 published Hadean zircon REE patterns inter- preted as magmatic (i.e., excluding the 3 with R 2 <0.78), we found 26 best-fits for granite, 24 for tonalite-trondhjemite-granodiorites, 7 for adakite, 1 for anorthosite, and 12 for N-type MORB (Table S4 ). This calculation seems appealing at first because a significant population of zircons indicate REE partitioning consistent with crystallization from a granitoid-type melt. However, during our investigation, we found the lattice-strain theory sometimes predicts protolith REE compositions for zircons of known provenance that are better fits with rocks for a different lithology.
[58] For example, 6 zircons from two separate felsic metagranitoids [Hoskin and Black, 2000] predicted granite (4Â), TTG (1Â), adakite (1Â) as the host rocks. In another case, zircons analyzed from a quartz diorite [Whitehouse and Kamber, 2003 ] produced granite (6Â), TTG (5Â), MORB (1Â), and adakite (1Â) as the host rock solutions. The MADRID zircon taken from an ultramafic rock ascribed a kimberlitic origin [Hoskin, 1998; Dawson et al., 2001 ] predicted host rocks of adakite (3Â), anorthosite (3Â), and TTG (1Â). The last result broadly supports our model because no kimberlitic rock was included in our host rock matches, yet appropriately, the model still generally predicted a mafic rather than felsic end-member. An analogous result was achieved for a harzburgite xenolith [Dawson et al., 2001 ] which returned best fits for an anorthosite host rock for all 17 zircons.
[59] Since the partition model sometimes predicts rocks that the zircons did not form in, we cannot be confident about specific assignment of a protolith based exclusively on this model. However, if we generalize our five rock-types into felsic (granite and TTG) versus mafic (adakite, anorthosite, MORB) for zircons of known provenance, then the zircon parentage is correctly classified $80% of the time. Given these results, we can propose that REE partitioning indicates a felsic (n = 50) rather than a mafic (n = 20) end-member for the majority of Hadean zircons thus far studied. The results of section 4.5.3 should be considered a qualitative guide that lends support to other more quantitative lines (O-isotopes, Ti, mineral inclusions) for a dominantly granitic rather than mafic origin of most Hadean zircons.
Summary
[60] Of the d 18 O zircon measurements reported here on 89 pre-3.8 Ga zircons, 50 of these grains were free of analytical artifacts resulting from cracks, correlatable by CL with geochronology spots, and !90% concordant. Of these 50 grains, 15 analyses contained d
18
O values out of equilibrium with a pure mantle source end-member (!6.0%), five of which were above +6.5%. In agreement with previous results [e.g., Mojzsis et al., 2001; Peck et al., 2001; Cavosie et al., 2005] we find that approximately 25% of pre-3.8 Ga grains so far analyzed preserve resolvable 18 O enrichments above mantle equilibrium values. We analyzed a number of variably concordant zircons to search from trends in d
18 O zircon and U/Pb % concordance and found that counter to expectation, more discordant zircons do not tend toward average sediment values of +10-12%.
[61] Independently, our Ti measurements on selected zircons reflect crystallization temperatures consistent with the hypothesis that most Hadean zircons were sourced from low temperature, minimum melt conditions. Such conditions are best satisfied by water-saturated granitoid-type sources Harrison, 2005, 2006; . The one exception provided temperatures which ranged from 588-629°C. This is the lowest temperature recorded for Hadean zircon thus far, and while the discordant nature of the grain calls into question the validity of using Ti concentration to reflect on the true crystallization temperature, the result is consistent with our REE analysis which indicated very small component of Hadean zircon source rocks are not of igneous origin.
[62] In addition, we have evaluated scenarios which have been presented as alternatives to the granite theory of Hadean zircon petrogenesis [e.g., Whitehouse and Kamber, 2002; Hoskin, 2005] . These studies based their conclusions on analysis of REE in zircon from specific case examples, and to follow-up on that work we have compiled REE data from Hadean zircons in an attempt to match these to various host lithotypes using the Blundy and Wood [1994] lattice-strain model. We find that (1) there is broad support for view that Hadean zircons are dominantly of felsic provenance; (2) the partitioning of REE constrains Hadean zircons as being almost entirely (>95%) magmatic; and (3) hydrothermal modification of Hadean zircon (leading to high d
O zircon and enriched LREE) is rare or absent in the samples thus far described.
[63] We conclude, on the basis of the several lines of evidence discussed above, that unless that Hadean Earth operated in a manner fundamentally different from all that we know, the simplest explanation for all observed data is that an evolved rock cycle that included the pervasive activity of liquid water in the context of formation of granitic crust was present on Earth by 4.3-4.2 Ga.
